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Effects of integrins on proliferation and apoptosis of renal epithelial
cells after acute injury. We sought to determine the importance of
integrins for recovery after acute tubular injury and to investigate the
signal transduction pathways for integrin effects on cell cycle regulation
involving proliferation and apoptosis. Primary cultures of rat renal prox-
imal tubule epithelial cells were exposed to a superoxide-generating
system to induce injury in the absence of Overt necrosis. Integrin function
was antagonized by the integrin recognition sequence tetrapcptide Gly-
Arg-Gly-Asp (GRGD) or monoclonal antibody to 1-integrin. Injured
cells had reduced thymidine uptake compared with normal cells. The
presence of GRGD during recovery from injury caused a further 44%
reduction in DNA synthesis hut did not affect DNA synthesis in normal
cells. Injured cells had an increased proportion of apoptosis that was
further accentuated by exposed to GRGD during recovery. Integrin
antagonism also stimulated apoptosis in uninjured cells. To investigate
signal transduction mechanisms for this effect of integrins, inhibitors and
activators of protein tyrosine kinase (PTK) and protein kinase C (PKC)
were evaluated. Activation of PKC stimulated cellular proliferation,
whereas inhibitors of PKC and PTK had no significant effect. Genistein, a
PTK inhibitor, induced apoptosis in normal cells, mimicking the effect of
integrin inhibition. On the other hand, PMA, an activator of PKC,
prevented cells from becoming apoptotic when exposed to injury plus
GRGD. The phosphorylation Status of intracellular proteins was evalu-
ated by immunoblotting with antiphosphotyrosine antibody. A similar
pattern of decreased phosphorylation was observed after either integrin
inhibition, injury, both, or PTK inhibition. These findings suggest that
kinase cascades are involved in the effects of integrins on renal epithelial
cell proliferation and apoptosis. After injury, an interaction between cells
and the extracellular matrix is required for cells to proliferate and
contribute to repair rather than to enter an apoptotic pathway.
Recovery from acute tubular injury caused by isehcmia or toxins
requires proliferation of intact tubule epithelial cells to replace
those lost by detachment and necrosis. It is therefore important to
understand both the factors that regulate cell proliferation after
injury and the causes of cell detachment. Cell interactions with the
extracellular matrix (ECM) are dependent on the availability of
functioning cell surface receptors and matrix adhesion proteins.
Integrins are a family of membrane receptor proteins that func-
tion as primary mediators of cell interactions with the ECM [1].
They are heterodimers of a and 13 subunits, and the sizes of
subunits vary from 90,000 to 200,000 kDa. Based upon in vitro
binding data, integrins play a central role in cell adhesion to the
substratum [2—4]. In normal human kidney, /3 integrin is found in
mesangial, epithelial and endothelial cells of glomeruli and on the
basolateral surface of most tubular epithelial cells. The distribu-
tion of a subunits in tubular membrane shows regional specificity
[5]. The most important integrins in the proximal tubule are a1,
a3, a, a6, 13, and 133 (principally as a3131, a6131, and api) [3, 6, 71•
Integrin dysfunction caused by redistribution of receptors from
the basolateral surface to the apical surface may contribute to cell
detachment after ischemic and other forms of acute renal injury
[6, 7]. The release of detached viable and necrotic cells into the
tubular lumen contributes to cast formation [8, 91. Subsequent
lumen obstruction causes tubular pressure to rise and causes
single-nephron glomerular filtration failure [10].
Extracellular matrix proteins have a mitogenic potential for
hemopoietic cells that is mediated by membrane receptor pro-
teins. For example, T cells depend upon integrin for CD3-
mediated proliferation upon interaction with fibronectin and
laminin [11]. aP3 is a specific marker for most malignant cells
[121. A cell model of human melanoma cells that lack a gene
expression failed to proliferate when transplanted into mice,
suggesting the critical involvement of a in the proliferative
capacity of melanoma cells [13, 14]. The presence of af33integrin
is also required for the survival and maturation of angiogenie
tumors [15]. Based on these data, integrins play an essential
regulatory role in tumor cell proliferation. The effect of integrins
on nonmalignant renal epithelial cell proliferation has not yet
been reported. This is of obvious interest, particularly if integrin
antagonists are to be used to treat acute tubular injury, as has
been proposed [16, 17]. Therefore, we designed a model of acute
oxidative injury employing primary cultures of rat proximal tubu-
lar epithelial cells. Specific inhibitors were used to modulate
integrin function to determine the significance of integrins on cell
proliferation and apoptosis and on related signal transduction
events.
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All reagents were obtained from Sigma Chemical Co. (St.
Louis, MO, USA) unless otherwise noted.
Cell culture
Primary cultures of proximal tubule epithelial cells that were
used in all in vitro experiments were developed and maintained
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according to the methods established in our laboratory [18]. Rats
(200 to 350 g male Sprague-Dawley; Harlan, Madison, WI, USA)
housed under standard conditions were used for all experiments.
Kidneys from phenobarbital-anesthetized rats were removed after
collagenase perfusion. They were washed in sterile ice-cold Krebs
Henseleit buffer (KHB), the cortices were separated, minced and
digested with collagenase at 37°C. Percoll density gradient cen-
trifugation was employed to separate proximal tubules. The
lowest band composed of highly enriched proximal tubules was
carefully separated and resuspended in ice-cold KHB and centri-
fuged at 1000 g to remove Percoll. After washing the pellet two
times with KHB, the tubule fragments were resuspended in
culture medium [RPM! 1640, which contains amino acids, 1 msi
glucose, 1 mst Ca(N03)2, 5.4 mivi KCI, 0.4 mM MgSO4, 103 mM
NaCI, 5.6 mrvt NaHPO4, 23.8 ms'i NaHCO3 and 10 mM HEPES to
which 10% fetal calf serum, 100 U/ml penicillin, 100 ig/ml
streptomycin, 10 nglml epidermal growth factor, 5 .tg/ml trans-
ferrin, 5 iig/ml insulin and 4 /Lg/ml dexamethasone were added].
Cells were grown on collagen gel-coated (Type 1) plastic six-well
dishes. Culture medium was changed to Dulbecco's modified
Eagle medium (DMEM) on the second day and all studies were
conducted in duplicate or triplicate on day four.
Model of cell injury
An in vitro model of acute tubular injury was developed.
Subconfluent monolayers of proximal tubule epithelial cells were
subjected to 60 minutes exposure to a reaction mixture containing
xanthine (0.05 mM), xanthine oxidase (0.05 U/ml) and ferric
chloride (0.2 tLM). The reaction was stopped by washing cells with
KHB and re-incubating with DEM for the desired duration of
recovery. The reaction protocol generates superoxide radicals as
well as hydroxyl radicals, important mediators of cell injury [19,
201. All experiments were conducted at 37°C unless specified.
Preliminary experiments were performed by varying reactant
concentrations and assessing cell viability one hour after removal
of the oxidant-generating mixture (Fig. 1). Cellular necrosis was
determined by measuring the release of lactate dehydrogenase
(LDH) into the incubation media. Incubation media were sepa-
rated and LDH was determined as the increase in NADH
(absorbance at 339 nm at 30°C, extinction coefficient of 6.30 nM'
CM-i) in the presence of 6.5 ms 13-NAD and 52 mt L-lactate in
100 mM Tris, pH 9.3 [21]. Based on the results of these preliminary
experiments, reactant concentrations were selected as noted
above (xanthine 0.05 mM) to induce sublethal ifljury as evidenced
by light microscopic changes consistent with cell injury such as
wrinkling of the plasma membrane, widening of the intercellular
spaces, and rounding up of the cells. With this concentration of
xanthine, there was minimal necrosis as determined by LDH
assay. The lack of acute necrosis was further confirmed by
quantifying necrotic cells by the acridine orange assay (see below).
The fraction of necrotic cells found among normal and injured
cell groups one hour after injury was not different (15.3% 1.5
for control and 15.8% 2 for injury).
'This term has been used historically to describe cells that suffered
morphologic changes without developing Overt necrosis. As our studies
demonstrate, cells injured to this extent may still die by an apoptotic
process. Therefore, the term "sublethal injury" should be abandoned or
used only when both necrosis and apoptosis have been excluded.
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Fig. 1. Effect of a superoxide-generating system on cell injury. Renal
proximal tubule epithelial cells were exposed to superoxide radical
generated by xanthine/xanthine oxidase. The xanthine concentrations in
the reaction mixture was varied and the resultant effects on cell injury
were determined as cellular LDH release into the culture medium. N = 12
for each group.
Effect of inhibition of integrin function on renal epithelial cell
proliferation after acute injury
Because integrins affect cell proliferation in other cell lines, the
effects of integrin function on renal epithelial cell proliferation
after injury were studied using the integrin recognition sequence
tetrapeptide Gly-Arg-Gly-Asp (GRGD) to competitively inhibit
integrins. After injury, cells were exposed to GRGD (250 j.tg/ml)
for 24 hours. As an index of epithelial cell proliferation (S-phase
activity), tritiated thymidine incorporation into DNA was mea-
sured. In brief, cells were allowed to recover in the DMEM for 24
hours and then incubated with 5 Ci/ml of 3H-thymidine (ICN
Biomedicals, Costa Mesa, CA, USA) for 90 minutes. Cells were
then washed with ice-cold KHB without Ca2 to stop further
incorporation of 3H-thymidine and removed from plates with a
Teflon cell scraper. Cells were homogenized and the DNA was
precipitated by adding 1 ml of ice-cold 2.8% trichloroacetic acid
and centrifuged twice (2000 g, 4°C) followed by solubilization with
0.2 N NaOH. Aliquots were used either for determination of
radioactivity or for determination of DNA content. Radioactivity
was counted in 0.5 ml of homogenate in 5 ml liquid scintillation
cocktail (EcoLite +; ICN) in a Beckman LS7000 liquid scintilla-
tion counter with a counting efficiency of 56%. DNA was deter-
mined by the diphenylamine method [221. Results were expressed
as the specific activity of 3H-thymidine (cpm per g DNA).
Because integrins mediate many of their actions through their
links with the cytoskeleton, the effect of direct disruption of the
actin cytoskeleton on cellular proliferation was studied. Cells were
exposed to cytochalasin D (10 tiM, 60 mm) under control condi-
tions or during injury. Thymidine incorporation into DNA was
then measured. This protocol has been previously determined to
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result in no increase in cellular necrosis as measured by LDH
release [23].
Evaluation of apoptosis by cell morphology
Because there was a significant reduction in DNA synthesis in
injured cells in the presence of GRGD, we sought clues to explain
the altered proliferative response by examining cell morphology.
Live cells in culture were incubated with acridine orange (8 .LM)
for 15 minutes at 37°C followed by trypsinization to make a cell
suspension. Cells were then examined under fluorescence micros-
copy. Metachromatic properties of the vital fluorochrome acridine
orange helped to differentiate cells [24]. The following character-
istics were used in the identification of cells. Normal cells emitted
green fluorescence from the cytoplasm and the nucleus with
similar intensity, while the lysosomes appeared as orange-red
granules. Apoptotic cells had small condensed nuclei which
emitted more intense green fluorescence in comparison with the
florescence intensity of the cytoplasm. In most instances lysosomal
staining was absent in apoptotic cells. Necrotic cells were rela-
tively large and easily distinguished from normal and apoptotic
cells by having pale homogenous green fluorescence in the
cytoplasm (Fig. 2). Fifty to one hundred cells from a single well
were counted and considered as N = 1. All experiments were
performed on no fewer than three separate batches of cells.
In situ detection of apoptosis by specific labeling of N-terminals
of fragmented DNA
As a complimentary methodology to confirm or evaluate apo-
ptosis we performed TdT-mediated dUTP-peroxidase nick end-
labeling of DNA (TUNEL) [25]. In brief, cell suspensions were
washed with phosphate-buffered saline (PBS), centrifuged (900 g
at 4°C) and fixed by adding 4% buffered formaldehyde to the
pellet. A drop of cell suspension was put on slides precoated with
0.0 1% poly-L-lysine and air dried (all reagents used in the
TUNEL procedure were purchased from Oncor, Inc., Gathers-
burg, MD, USA). After inactivation of endogenous peroxidase
activity by emersion in 2% hydrogen peroxide, the slides were
rinsed with PBS and incubated with TdT buffer (30 mi Trizma
base, pH 7.2, 140 m sodium cacodylate, 1 m cobalt chloride).
Smears were covered with TdT and dUTP in TdT buffer and
incubated at 37°C for 60 minutes. The reaction was terminated by
transferring the slides to a buffer (300 mxt NaC1 and 30 mM
sodium citrate) followed by peroxidase-mediated color develop-
ment.
Effect of integrin inhibition on apoptosis
To determine the influence of integrins function on apoptosis,
the integrins were modulated as follows. Cells, either uninjured or
injured, were exposed to GRGD (250 j.g/ml) for one hour or were
reacted with monoelonal antibodies to ffl integrin 10 tg/ml for
one hour [26]. To quantitate apoptosis at the end of recovery, cells
were stained with acridine orange as described above and counted
under fluorescence microscopy. Results were expressed as the
percentage of all cells undergoing apoptosis. For experiments
quantifying apoptosis, cells were allowed to recover for three
hours. In preliminary experiments apoptosis was evaluated at 90
minutes, three hours, six hours and 24 hours. There was no
significant difference in the percentage of apoptotic cells at these
time intervals hut there was a significant decrease in total cell
Fig. 2. Morphologic features of cells stained with acridine orange and
examined by fluorescence microscopy. (A) Normal cells (arrows) demon-
strate orange-red lysosomal fluorescence and a lacy green nucleus. Ne-
crotic cells (arrowheads) demonstrate nuclear and cytoplasmic swelling
and loss of lysosomal fluorescence. (B) Four apoptotic cells at various
stages are shown. The cell at left and the third cell still have abundant
cytoplasm but shrunken nuclei, representing an earlier stage of apoptosis
than the other two apoptotic cells.
number and an increase in the percentage of necrotic cells after 24
hours.
Because integrins mediate many of their actions through their
links with the cytoskeleton, the effect of direct disruption of the
actin cytoskeleton on apoptosis was also studied. Cells were
exposed to cytoehalasin D (10 LM, 60 mm) under control condi-
tions. Apoptosis was quantitated by the acridine orange method.
Effect of injury and integrin inhibition on intracellular calcium
As a first step in evaluating integrin-mediated signal transduc-
tion, cytosolic free Ca2 was determined by measuring this
parameter continuously using the Ca2 sensitive fluoroprobe
Indo-i. Cells were grown on collagen gel-coated glass slide culture
chambers (Lab-Tek; Nunc, Inc., Napcrville, IL, USA). Cells were
incubated with 2 mrvi Indo-i-AM (Molecular Probes, Eugene, OR,
USA) for 60 minutes, then washed three times. The cultures were
placed in a sealed, humidified, heated (37°C) chamber mounted
on the stage of an ACAS 570 laser cytometer (Meridian Instru-
ments, Okemos, MI, USA). The ACAS 570 is a stage-scanning
UV-visible laser confocal imaging system based on an Olympus
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IMT-2 inverted phase contrast epifluorescence microscope [27]. A
computer-controlled mechanical stage is used to move the speci-
men in the x andy directions in 0.1 to 18 I.tm steps. The ACAS 570
has a UV-enhanced 5 watt argon ion laser used for excitation in a
stationary beam configuration controlled by an acoustically-driven
beam splitter. A X 100 objective with a numerical aperture of 1.30
was employed and the pinhole aperture was set to obtain optical
sections approximately 1 micron thick. The ACAS 570 system
software was used to perform the ratio imaging studies and to
calculate intracellular calcium [26]. Cells were excited at 351 to
361 nm and emissions at both 485 nm (unbound Indo-1) and 405
nm (Ca2tbound Indo-1) simultaneously measured. The ratio of
fluorescence emissions was then taken as an index of intracellular
free Ca2. Because calcium is determined from the ratio of
calcium-chelated to free Indo-1 that emit at different wavelengths,
intracellular calcium measurements are relatively independent of
cell thickness and the intracellular concentration of Indo-1, and
therefore are not affected by leakage of the fluoroprobe from the
cell as would occur during cell injury [28]. Prior to the actual study
the optical system was adjusted (laser output) so that during
repeated imaging of a specific cell (or part of a cell) photobleach-
ing would be less than 5% after 100 scans. Cells were imaged at
300 second intervals for 14 minutes. For data analysis, individual
cells were outlined using a "mouse" pointer system so that the
average fluorescence ratios for individual cells could be deter-
mined over time. To determine the absolute value for cytosolic
free Ca2 a standard curve was constructed. Cells were incubated
with Indo-1 as above, then treated with 1 JIM ionomycin to make
the cells Ca2 permeable. External Ca2 was then sequentially
increased from 0 (Krebs Henseleit buffer with 1 mrt EGTA) to
5 >< 10—2 M. The ratios of emissions were then recorded and used
to transpose experimental data from fluorescence ratios to cyto-
solic free Ca2 concentration.
Effect of protein kinase activity on apoptosis and cell
proliferation
Intracellular calcium measurements and examination of cell
morphology suggested that cells injured under these conditions
undergo apoptosis, which probably contributes to decreased cell
proliferation. We attempted to identify the intracellular signaling
events that regulate cell proliferation by modifying the activities of
different protein kinases that may have been linked to integrin
function. Protein kinase C (PKC) and protein tyrosine kinase
(PTK) are well recognized in signal transduction processes that
regulate cell growth, division and differentiation. To evaluate a
possible regulatory role of PKC, phorbol myristic acetate (PMA)
was employed to stimulate PKC activity during injury and during
the first three hours of recovery. Cells were incubated with PMA
(40 nM) during exposure to the superoxide generating system for
60 minutes and the reaction was stopped by washing with KHB
and re-incubated with DMEM at 37°C for three hours with 40 nM
PMA. Similarly, calphostin (100 nM) was used to inhibit PKC
activity in uninjured cells by reacting with cells for 30 minutes.
Either genistein (200 nM) or herbimycin (2 tM) were used to
inhibit PTK activity in uninjured cells by incubating with that
agent for 30 minutes. Three hours later cells were stained with
acridine orange and examined under fluorescence microscopy to
quantitate apoptosis. Alternatively, cells were incubated with
3H-thymidine 24 hours later to quantitate DNA synthetic rate.
Effect of injury and integrin inhibition on tyrosine-protein
phosphorylation
Initial experiments suggested that the activity of intracellular
kinases regulates apoptosis and proliferation. The phosphoryla-
tiori status of cytosolic proteins in relation to integrin function was
evaluated by Western analysis of whole cell lysates obtained as
described in the above paragraph. Cells were washed with ice-cold
PBS and incubated with 100 1.d RIPA lysis buffer (50 ms'i
Tris-HC1, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150mM
NaC1, 1 m'vi EDTA, 1 mivi PMSF, 1 JIg/mI concentrations of
aprotinin, leupeptin, pepstatin, 1 mivi Na3VO4, 1 mrvi NaF) per 35
mm dish for 15 minutes on ice, then scraped from the plate.
Lysates were transferred into ultracentrifuge tubes and centri-
fuged at 26,000 g for 30 minutes at 4°C. The supernatant protein
concentration was determined by Bradford assay. Total cell
lysates from equivalent numbers of cells were separated by
SDS-PAGE (12%) under reducing conditions. The proteins were
transferred electrophoretically onto polyvinylidene fluoride mem-
brane (Immobilon P; Millipore Corp., Bedford, MA, USA) and
stained with Coomassie blue to compare the cytosolic protein
profiles of the different cell groups. For immunoblotting, the
membranes were blocked with 3% blot qualified BSA in TBST (20
mM Tris-HCI, pH 7.5, 150 mM NaC1, 0.05% Tween 20) and
subsequently probed with 1 jg of anti-phosphotyrosine antibody
(Upstate Biotech. Inc., Lake Placid, NY, USA) in TBST. The
antibody-antigen complexes were detected by using anti-mouse
IgG conjugated with alkaline phosphatase, followed by a chemi-
luminescence assay which contained substrates, nitroblue tetrazo-
hum and 5-bromo-4-chloro-3-indolyl phosphate (ProtoBlot West-
ern blot AP System; Promega Corp.).
Identification of apoptosis in an in viva model of cell injury
This experiment was performed to demonstrate the extent of
the apoptotic process in an in vivo model of acute ischemic injury
of the kidney. The right renal artery was clamped for one hour in
uninephrectomized rats. Kidneys were removed after either three
or six hours of reperfusion, fixed by emersion in 4% buffered
formaldehyde and embedded in paraffin. Four micrometer paraf-
fin sections were adhered to slides coated with 0.01% poly-L-
lysine followed by TUNEL staining after deparaffinization of
specimens.
Statistical methods
Data are reported as the mean standard error. Statistical
comparisons were made by unpaired t-test. Statistical comparisons
involving multiple groups were performed by one way analysis of
variance. Intergroup comparisons were then made using the
unpaired t-test test in which modified critical values for the
t-distribution were determined by Bonferroni's method. Concur-
rent control groups were studied in all experiments.
RESULTS
Effect of integrin inhibition on renal epithelial cell
proliferation after acute injury
Integrin inhibition had no demonstrable effect on proliferation
of normal cells in culture. Injury caused a decrease in 3H-
thymidine incorporation during the first 48 hours of injury. DNA
synthesis was further reduced by 44 3.3% in injured cells in the
presence of the integrin antagonist GRGD during recovery (Fig.
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Fig. 3. Effect of integrin antagonism on renal epithelial cell proliferation
after acute injury. Cells were injured by exposure to a superoxide-
generating system and 3H-thymidine incorporation was measured to assess
the proliferative response. The addition of GRGD did not affect DNA
synthesis in normal cells. Injury alone caused a reduction in DNA
synthesis. The presence of the integrin antagonist GRGD caused a further
44% reduction in DNA synthesis. N = 10 for each group.
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Fig. 5. Effect of integrin antagonism and injury on apoptosis after acute
injury. Cells were injured by exposure to a superoxide-generating system
and morphologically evaluated for apoptosis using acridine orange and
fluorescence microscopy. Injury increased the number of apoptotic cells.
The addition of GRGD to injured cells further stimulated apoptosis.
Antagonism of integrins by GRGD or by j31-integrin antibody without
concomitant injury also induced apoptosis. N = 69, 39, 57, 20, and 26,
respectively. All P < 0.05 vs. control; * < 0.05 vs. injury.
found the acridine orange method to be far easier to perform, the
TUNEL technique was not employed for future quantification
purposes.
In primary cultures of renal tubule epithelial cells 24.3 1.0%
of cells had morphologic features of apoptosis. For comparison,
we also studied proximal tubule epithelial cells when grown to
confluence (approximately seven days in primary culture and
LLC-PK1 cells). 17.5 2.1% of confluent cells were apoptotie.
6.9 0.9% of LLC-PK1 cells were apoptotic.
Cells exposed to the superoxide-generating system had a
greater fraction of apoptotic cells (37.0 2.3%; P < 0.05).
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Therefore, in this model acute injury engendered apoptosis in the
absence of necrosis. The presence of GRGD during recovery from
injury further increased the proportion of cells undergoing apo-
ptosis (46.3 2.0%; P < 0.05; Fig. 5).
Modulation of integrin function by exposing cells to anti-131-Control + cyto D Injury + cyto D integrin antibody or GRGD alone in the absence of injury also
Fig. 4. Effect of actin depolymerization on renal epithelial cell prolifer- caused cells to undergo apoptosis (50.8 5.0% for antibody, P <
ation after acute injury. Cells were treated with cytochalasin D to disrupt 0.001; 30.9 1.4% for GROD, P < 0.01). Although the effect ofthe actin cytoskeleton with or without additional oxidative injury. 3H- GRGD on control cells in the absence of injury was not asthymidine incorporation was measured to assess the proliferative re-
sponse. Cytoskeletal disruption produced a nonsignificant decrease in dramatic as anti-31-integrin antibody, both effects were statisti-
DNA synthesis in normal cells and caused a more marked reduction in cally significant. Anti-131-integrin antibody plus injury increased
DNA synthesis in cells also subjected to acute injury. N = 10 for each apoptosis to the same extent as antibody alone (data not shown).
group. The effects of antibody and of injury were not additive.
3). Disruption of the cytoskeleton by cytochalasin D had similar
effects on the proliferative response to injury (Fig. 4). Eytochala-
sin D caused a nonsignificant decrease in thymidine incorporation
in control cells, but a 37% decrease in cells exposed to cytocha-
lasin D during injury.
Effect of injury and integrin inhibition on apoptosis
Acridine orange-stained normal and injured cells showed a
definite difference in the proportion of cells undergoing apopto-
sis. The extent of apoptosis in cells evaluated by the acridine
orange method was comparable with the degree of apoptosis
observed in TUNEL-stained cell smears (not shown). Because we
Confluent proximal tubule epithelial cells showed a similar
response to GRGD. in these cells GRGD increased the rate of
apoptosis from 17.5 2.1 to 32.5 2.5% (N = 8 for each group;
P < 0.05). Injury plus GRGD increased apoptosis in confluent
proximal epithelial cells to 40.0 5.5% (N 8; P < 0.05 vs.
GRGD alone). Disruption of the cytoskcleton by cytochalasin D
had similar effects on apoptosis. ytochalasin D caused a marked
increase in apoptosis: control 14.5 2.1% versus cytochalasin D
32.9 3.0%; N = 8 for each group; P < 0.001.
Effect of injury and integrin antagonism on intracellular
calcium
Normal cells demonstrated no change in Ca1 (70 to 100 nM)
when incubated either in buffer (KHB) or with the control
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Fig. 6. Effect of injury and integrin inhibition on intracellular free
calcium. Cells were loaded with the calcium-sensitive fluoroprobe Indo-1
during injury and studied with a confocal laser scanning microscope
imaging system. (4) Normal cells showed no change in cytosolic calcium
when incubated either with buffer (shown) or the inactive control peptide
GRGE (not shown). Cells incubated with inhibitory peptide GRGD for
one hour showed a small increase in Ca (<5%). No point was
significantly different. (B) Injured cells incubated with buffer also showed
no change in On the other hand, cells exposed to GRGD during
injury developed a 15% increase in Ca1 (P < 0.001). Symbols are: (•)
vehicle; (•) GRGD.
peptide GRGE (Fig. 6A). Cells incubated with GRGD for one
hour slowly developed a very small increase in Ca1 . On the
other hand, injured cells incubated with GRGD developed a slow
progressive increase of Ca1 that was more than 15% (P <
0.001) above baseline by 13 minutes (Fig. 6B). This slow, small
increase in intracellular calcium is reminiscent of the changes
observed by others in cells undergoing apoptosis [29, 30]. The
changes in intracellular calcium were not characteristic of recep-
tor-mediated changes that are brisker and greater in magnitude
[31]. Additional experiments using this methodology revealed no
detectable change in when measurements were made over
a longer observation period (60 mm at 5 mm intervals; data not
shown).
Influence of kinase function on apoptosis and proliferation
Protein kinase stimulation by PMA attenuated injury-induced
apoptosis (Fig. 7). Apoptosis induced by injury was reduced to
32.3 10.2% by PMA. On the other hand, inhibition of PKC
activity of normal cells by caiphostin enhanced apoptosis (44.1
9.2%). The remaining cells exposed to calphostin showed acute
degenerative changes of cell swelling and membrane blebbing and
disruption. Inhibition of protein tyrosine kinase activity by either
genistein or herbimycin was also associated with increased apo-
ptosis. There were few necrotic or degenerative changes seen with
the latter two agents.
These agents had variable effects on proliferation in normal
and injured cells. Genistein had no effect on thymidine incorpo-
ration in either group of cells. Herbimycin caused a 12 5%
reduction of thymidine incorporation in normal cells and a 9
16% reduction in injured cells (not significantly different from
untreated corLtrols or vs. each other). Calphostin caused a similar
reduction in thymidine incorporation in both groups of cells: 42
8% in normal and 31 4% in injured cells. Conversely, PMA
caused a nonsignificant increase in DNA synthesis in normal cells
(7 10%), but a significant increase in injured cells (27 9%;
P < 0.05).
Dephosphorylation of intracellular proteins by integrin
inhibition
Cell proteins from normal cells or cells that were exposed to
f31-integrin antibody, injury plus GRGD, or genistein were sepa-
rated by SDS-PAGE and stained with Coomassie blue. The
cytosolic protein profiles of control and experimental cells were
not different. In parallel experiments, cell proteins were immu-
noblotted with antiphosphotyrosine antibody and the resulting
phosphorylation patterns were compared. There was marked
dephosphorylation of many proteins with injury. Similarly reduced
phosphorylation was observed in cells also exposed to GRGD or
to f31-integrin antibody or genistein (Fig. 8).
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Fig. 7. Effect of kinase function on apoptosis. Cells were injured by13.5 exposure to a superoxide-generating system and morphologically evalu-
ated for apoptosis using acridine orange and fluorescence microscopy.
Protein kinase C activity was stimulated with phorbol myristic acetate or
inhibited with calphostin, whereas protein tyrosine kinase was inhibited
with either genistein or herbimycin. As noted previously, oxidative injury
stimulated apoptosis. Phorbol myristic acetate prevented the injury-
induced increase in apoptosis. Conversely, both protein tyrosine kinase
and protein kinase C inhibition enhanced apoptosis. N = 28, 20, 21, 14, 8,
and 8, respectively. *p < 0.05 vs. control.
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Fig. 8. Effect of injury or integrin antagonism on protein tyrosine phosphorylation. (A) A representative SDS PAGE gel of cell lysates stained with
Coomassie blue obtained from cells under (lane I) control conditions, (lane IT) after oxidative injury in the presence of the integrin antagonist GRGD,
(lane III) after exposure to 13-integrin antibody, or (lane IV) after exposure to genistein. Lane V show molecular weight markers (from top down: 212,
116, 97, 66, 45, and 27 kDa). There are approximately similar quantities and molecular weight distribution of cellular proteins regardless of experimental
condition. (B) A representative immunoblot probed with antiphosphotyrosine antibody. Lane I, control conditions; lane II, after oxidative injury; lane
III, after oxidative injury in the presence of the integrin antagonist GRGD; lane IV, after exposure to genistein; lane V, after exposure to f31-integrin
antibody. Compared with control cells, each of the experimental conditions resulted in a marked decrease in the quantity of tyrosine-phosphorylated
proteins. No qualitative difference in the pattern of protein tyrosine phosphorylation is apparent among the experimental groups.
Identification of apoptosis in an ifl Viva model of injury hours of reperfusion large numbers of stained tubular epithelial
cells were observed in cortical proximal tubules (Fig. 9). Although
The occurrence of apoptosis after acute injury in vivo was stained cells are thought to be apoptotie, some necrotic cells may
evaluated by the TUNEL method in kidneys that underwent also have been stained by the TUNEL method. Cell detachment
unilateral renal artery occlusion. Rare apoptotic tubular epithelial was also notable and many detached cells were apoptotic. In
cells were noted in normal kidneys. On the other hand, after three kidneys examined after six hours of reperfusion, TUNEL-positive
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Fig. 9. In situ detection of apoptosis in rat kidney. Ischemia was induced
by clamping the right renal artery of a uninephrectomized rat for one hour
and reperfusing for three hours. The kidney was then examined for
apoptosis by TUNEL staining. (A) Control kidney with normal tubular
structure. (The counter stain shows normal cells as blue). (B) Ischemic
kidney reveals a large number of brown-stained apoptotic tubular epithe-
hal cells, some of which are detached into the lumen. On the right is a
glomerulus with no evidence of apoptosis.
cells were also seen prominently in the medulla. Glomeruli from
both normal and ischemic kidneys were intact with no evidence of
apoptosis, necrosis, or cell detachment.
DISCUSSION
The kidney's unique ability to regenerate after acute tubule
injury was described in detail by Cuppage and Tate in 1967 [32].
Recent studies have demonstrated that the autocrine and para-
crine functions of growth factors play a central role in modulating
the proliferative process [331. The importance of integrins to
mitogenesis has been demonstrated in tumor cell lines and in
hemopoietic cells. Such effects on renal tubule epithelial cells
have not been described. Since cell proliferation and survival are
crucial for recovery from acute renal injury, the current studies
were performed to evaluate the effects of integrin on cell prolif-
eration.
With use of primary cultures of renal proximal tubular epithe-
ha! cells, proliferation was assessed in the presence or absence of
the integrin inhibitory tetrapeptide GRGD. Injury was induced by
exposing cells to a free radical generating system that simulates in
vivo oxidative injury, as occurs with ischemic or nephrotoxic renal
insults. We found that the reduced proliferative capacity of
injured cells was worsened by integrin inhibition, suggesting an
important role of integrins in proliferative repair.
Integrins are the major linkage between the extracellular
environment at the cell basolateral domains and the intracellular
milieu. Integrins are physically connected with the actin cytoskel-
eton through the actin-binding proteins talin and a-actinin at the
intracellular carboxy terminus of the n-chain of integrins [34].
Because disruption of integrin contacts with the ECM had such
notable effects on proliferation in these cells, we were interested
in learning whether direct disruption of the actin cytoskeleton
would have similar effects. Indeed, treatment of cells with cy-
tochalasin D, a manipulation that did not induce necrosis, pro-
duced a 37% reduction in proliferation. These studies suggest that
both integrins and the cytoskeleton play a major role in the
proliferative repair response to acute injury.
Although integrin inhibition of normal healthy cells did not
have profound effects on proliferation, integrin inhibition did
increase the basal rate of apoptosis. Apoptosis occurs prominently
in rapidly proliferating tissues and serves as a regulator to prevent
accumulation of excessive numbers of cells [35]. Undisturbed
proximal tubular epithelial cells in culture undergo variable
degree of apoptosis depending on their position in the growth
curve. The primary cultures that we studied had a higher propor-
tion of apoptosis (18%) than previously reported values of 7 to
14% [36]. This may be due to increased sensitivity of the acridine
orange method to detect apoptosis compared with flow cytometry
methods used in the previous studies. In addition, our experi-
ments suggest that the true rate of apoptosis is higher in cells
studied in primary culture than immortalized cells lines. Using the
same methodology we observed LLC-PK1 cells to have a rate of
apoptosis of only 6.9%. Exposure to either GRGD or anti-/31
integrin antibody stimulated apoptosis in these cells.
Apoptosis in injured cells was further exacerbated by integrin
antagonism. This observation suggests that intact integrin func-
tion is a requirement for cell survival. Many noxious stimuli
perturb cell cycle dynamics. Oxidative injury may be just one
injurious stimulus that causes cells to undergo apoptosis [371. This
phenomenon is not obligatorily related to impairment of integrin
function. However, inhibition of integrins either by GRGD or
anti-1 integrin antibody without concomitant oxidative injury
caused marked apoptotic changes in cells pointing to the primacy
of intact integrin function for cell survival. Similar observations
have been made in other cell types [38—40]. Frisch and Francis
have even coined the term "anoikis" to identify the phenomenon
of apoptosis after disruption of the normal interaction between
cells and ECM [38].
These findings confirm the importance of cell-matrix interac-
tions to cell viability and organ integrity. When integrin function
was altered by either antagonist or antibodies, not only was the
expected post-injury proliferative response made deficient, but
also the rate of loss of cells via an apoptotic pathway was
increased. The net effect of integrin dysfunction is impaired
recovery of the epithelial cell population after injury.
We also sought to demonstrate that apoptosis of renal epithelial
cells was not merely an artifact of cell culture methodology.
Several recent studies failed to evidence for apoptosis in renal
cortical tubules two hours after renal ischemia [41, 42]. In
contrast, we found extensive apoptosis by TUNEL staining three
Wijesekera et al: Integrins and proliferation or apoptosis 1519
hours after renal ischemia. With a longer duration of reperfusion
(six hours), apoptosis was also noted in epithelial cells in the outer
medulla. Therefore, we believe that apoptosis is a relevant
mechanism of cell loss after renal ischemic injury in vivo.
These effects of integrins must be considered in the overall
context of the injury and repair phases of acute renal failure.
Goligorsky and colleagues have unequivocally demonstrated the
adverse effects of integrins after acute renal injury where integrin
redistribution can provoke the formation of tubular cell casts [16,
17]. The ability of redistributed integrins to mediate abnormal
cell-cell adhesion has also been demonstrated in a cell culture
model employing mouse proximal tubule cells [43]. Therefore,
integrin inhibition is beneficial during the acute injury phase.
Nevertheless, our studies suggest that integrin inhibition may also
have detrimental effects by impairing the proliferative repair
response and by stimulating apoptosis if integrin dysfunction or
inhibition is persistent. Although these adverse effects of integrin
inhibition on repair have not yet been ascertained in vivo, we
believe that appropriate attention to dosing, timing and site of
delivery considerations are prudent in the design and administra-
tion of new therapeutic agents that modulate integrin action for
the purpose of ameliorating acute renal failure.
in order to better understand the mechanisms of integrin
function, intracellular signaling cascades were examined. Intracel-
lular calcium is considered a key regulator of signaling by integrins
in several cell types [441. When we measured intracellular calcium
in individual cells after exposure to GRGD, we found neither a
calcium transient consistent with a signal transduction event nor a
change in basal calcium levels. We did note, however, that in
injured cells exposed to GRGD there was a slow rise in intracel-
lular calcium that was more consistent with apoptosis or injury
itself [29, 30, 45].
Integrin-mediated phosphorylation of tyrosine residues on in-
tracellular proteins after development of focal contacts has been
reported in other cell types [46]. We examined cellular events
related to protein phosphorylation by inhibiting PTK or PKC.
Kinase inhibition (either PTK or PKC) promoted apoptosis of
healthy renal tubular epithelial cells. Stimulation of PKC activity
protected against injury-induced apoptosis. Activation of different
kinases linked to integrins has been described in specific cell lines.
For an example, Syk kinase was found to be responsible for
phosphorylation of tyrosine-containing regulatory proteins in
monocytic cell lines whereas focal adhesion kinase (FAK) was
more important in fibroblasts and platelets [46, 47].
If integrin-mediated signal transduction in proximal tubular
epithelial cells involves activation of cytoplasmic tyrosine kinases,
antagonism of integrins either by GRGD or anti-integrin antibody
should cause dephosphorylation of related proteins. Phosphory-
lation patterns of cytoplasmic proteins of injured cells and cells
exposed to either genistein or anti-1-integrin antibody were
compared by immunoblotting with antiphosphotyrosine antibody.
The pattern of protein phosphorylation following inhibition of
tyrosinc kinase activity by genistein was similar to that caused by
integrin dysfunction caused by injury or inhibition by GRGD or
anti-integrin antibody. In all cases there was a diffuse decrease in
phosphorylated species. This finding suggests that intact integrin
function is associated with stimulation of intracellular tyrosine
kinase activity. Whether specific proteins were targeted by one
experimental manipulation versus another remains to be deter-
mined.
In summary, the present studies demonstrate that integrins play
a vital role in cell survival. Integrin-mediated activation of PKC
and PTK stimulated cellular proliferation, whereas integrin an-
tagonism induced apoptosis. After injury, the normal interaction
between cells and the extracellular matrix is required for cells to
proliferate and contribute to repair rather than to enter an
apoptotic pathway. Therefore, these findings should be taken into
consideration when integrin antagonists are tested for possible
therapeutic benefit in the setting of acute renal failure.
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